Gene duplication plays an important role in evolution because it is the primary source of new genes. Many recent studies showed that gene duplicability varies considerably among genes. Several considerations led us to hypothesize that less important genes have higher rates of successful duplications, where gene importance is measured by the fitness reduction caused by the deletion of the gene. Here, we test this hypothesis by comparing the importance of two groups of singleton genes in the yeast Saccharomyces cerevisiae (Sce). Group S genes did not duplicate in four other yeast species examined, whereas group D experienced duplication in these species. Consistent with our hypothesis, we found group D genes to be less important than group S genes. Specifically, 17% of group D genes are essential in Sce, compared to 28% for group S. Furthermore, deleting a group D gene in Sce reduces the fitness by 24% on average, compared to 38% for group S. Our subsequent analysis showed that less important genes have more cis-regulatory motifs, which could lead to a higher chance of subfunctionalization of duplicate genes and result in an enhanced rate of gene retention. Less important genes may also have weaker dosage imbalance effects and cause fewer genetic perturbations when duplicated. Regardless of the cause, our observation indicates that the previous finding of a less severe fitness consequence of deleting a duplicate gene than deleting a singleton gene is at least in part due to the fact that duplicate genes are intrinsically less important than singleton genes and suggests that the contribution of duplicate genes to genetic robustness has been overestimated.
Introduction
Recent progress in genomics has revived the interest of evolutionary biologists in gene duplication, as substantial evidence suggests that gene duplication plays a major role in genomic and organismal evolution by providing raw genetic material from which new genes are derived (Ohno 1970; Zhang 2003) . Many analyses have focused on identifying factors that influence the rate of successful gene duplication or gene duplicability (Force et al. 1999; Conant and Wagner 2002; Yang, Lusk, and Li 2003; Papp, Pal, and Hurst 2003a; Davis and Petrov 2004; Kondrashov and Koonin 2004; Marland et al. 2004; Zhang and Kishino 2004; Zhang 2005a, 2005b) . In a genome, different genes contribute differently to the survival and reproduction of organisms and thus have different importance. In this work, we define the importance of a gene by the fitness reduction caused by the deletion of the gene in standard laboratory conditions. Three considerations lead us to predict that gene importance and gene duplicability are negatively correlated. First, it was found that proteins belonging to large protein complexes tend to have reduced gene duplicability because duplication generates imbalance in the concentration of the subcomponents of the complex and therefore is selected against (Yang, Lusk, and Li 2003; Papp, Pal and Hurst 2003a) . Known as the ''centrality and lethality'' rule (Jeong et al. 2001) , proteins involved in more protein-protein interactions (including protein complexes) are on average more important than those with fewer interactions. From the above two observations, it may be predicted that less important genes have higher duplicability than more important ones. Second, maintaining genetic stability, particularly the stability of central cellular and developmental processes, may be essential for the survival of organisms. Because gene duplication could cause genetic perturbation by doubling gene dosage, one expects that important genes tend to have reduced duplicability.
Consistent with this prediction, it has been shown that genes functioning in early developmental stages (presumably more important) have lower duplicability than those functioning in late developmental stages (less important) in worms (Castillo- Davis and Hartl 2002; Yang and Li 2004) . Third, in yeasts, essential genes, which cause lethality when deleted, are on average regulated by fewer transcription factors than are nonessential genes, a phenomenon that likely reflects the fact that essential genes tend to be housekeeping and have simple expression regulation (Yu et al. 2004 ). This observation suggests that essential genes should also have fewer cis-regulatory motifs than nonessential genes have, as will be demonstrated later. We recently showed that genes with more cis-regulatory motifs have higher duplicability (He and Zhang 2005a) . This is because when these genes are duplicated, the daughter genes are subject to a higher probability of subfunctionalization that enhances the chance of gene retention, and subsequent neofunctionalization restores the high number of motifs Zhang 2005a, 2005b) . Thus, it can be predicted that less important genes have a higher rate of successful duplication.
The above prediction, if verified, has a significant biological implication. Previous studies in yeasts and nematodes found that deleting a duplicate gene tends to cause a less severe phenotype than deleting a singleton gene Kamath et al. 2003; Conant and Wagner 2004 ). This phenomenon is generally ascribed to functional compensation among duplicate genes and is often referred to as genetic robustness by gene duplication . However, our prediction of higher duplicability of less important genes suggests that the above phenomenon may simply be due to a difference in the intrinsic importance between singletons and duplicates and that the contribution of duplicate genes to genetic robustness may have been overestimated. Here, we directly test our prediction using the fitness effects of single-gene deletions in the yeast Saccharomyces cerevisiae (Sce) and the genomic sequences of several related yeast species. The fitness effect is used as a measure of gene importance in Sce. However, because of the confounding factor of potential functional compensations among duplicates, we cannot directly compare the fitness effects of singleton and duplicate genes in Sce. Instead, we limit our analyses to Sce singleton genes but measure the duplicability of these genes by examining whether their orthologs have duplicated in four related yeast genomes. Our strategy is similar to that of Davis and Petrov (2004) , who studied the relationship between gene duplicability and gene sequence conservation by measuring gene duplicability in Sce and sequence conservation in two insects. The Sce homozygous single-gene-deletion fitness data (Steinmetz et al. 2002) were downloaded from http://wwwdeletion.stanford.edu/YDPM/YDPM_index.html. Following Gu et al. (2003) , the lowest fitness value across five growth conditions (YPD, YPDGE, YPE, YPG, and YPL) was used for each strain. In addition, a list of essential genes (Giaever et al. 2002) was downloaded from http:// www-sequence.stanford.edu/group/yeast_deletion_project/ Essential_ORFs.txt. After excluding genes with contradictory fitness information between the two data sets, a total of 5,724 genes with fitness values were retained for further analysis.
Materials and Methods
To identify haploinsufficient genes, we downloaded the heterozygous single-gene-deletion fitness data of Sce from http://www-deletion.stanford.edu/YDPM/YDPM_index.html. We used the time course two data sets derived from growth in the YPD medium and considered those genes whose homozygous deletion strains have fitness values lower than 0.95. A gene is then regarded as haplosufficient if its heterozygous deletion strain has fitness higher than 0.99 or haploinsufficient if its heterozygous deletion strain has fitness lower than 0.95.
The cis-regulatory motifs for Sce genes were originally predicted using Gibbs sampling algorithm (Hughes et al. 2000) and were compiled by Papp, Pal, and Hurst (2003b) . We excluded from our analysis genes with divergent promoters (i.e., the promoters of two adjacent genes are located in the intergenic region between the two genes) (Papp, Pal, and Hurst 2003b) . We also considered whether to use the cis-regulatory motif data set generated by the ChIP-chip method (Harbison et al. 2004) . Although this method is unlikely to produce false positives, it may have missed some true motifs. There are only 11 group D genes (see Results for explanation) that have at least one motif in this data set. We thus did not use this data set in further analysis. The nematodes Caenorhabditis elegans and Caenorhabditis briggsae genome sequences were downloaded from Ensembl (ftp://ftp.ensembl.org/pub/), and the C. elegans RNAi phenotype data set was generated by Kamath et al. (2003) .
Data Analyses
We conducted genome-wide all-against-all BlastP searches (Altschul et al. 1990 ) among Sce proteins (E value cutoff 5 0.1). Those genes with only self-hits are referred to as singletons. After excluding mitochondrial genes and Ty elements, we obtained 1,587 singleton genes. To examine gene duplicability, these Sce singleton genes were used as query sequences to BlastP all proteins from the genomes Dha, Cal, Yli, and Spo (E value 5 10 ÿ10 ). We manually corrected erroneous BlastP results that were apparently due to annotation errors in the genome sequences, such as the assignment of the same DNA sequence to two genes. DNA sequences of homologous genes in the five yeasts were aligned according to the protein sequence alignment by ClustalW (Thompson, Higgins, and Gibson 1994) . The number of synonymous substitutions per synonymous site (d S ) and the number of nonsynonymous substitutions per nonsynonymous site (d N ) between a pair of homologous sequences were estimated by the likelihood method implemented in PAML with default parameters (Yang 1997) . To examine the effect of pericentromeric and subtelomeric gene location on our result, we removed 20 genes that are closest to the centromere and 20 genes closest to the telomere on each chromosome arm. These genes represent ;22% of all the genes in the Sce genome.
Results

Identification of Group S and Group D Genes
We identified 1,587 singleton genes from the yeast Sce and determined their homologous genes in four other yeast species Dha, Cal, Yli, and Spo. The phylogeny of the five yeasts is (((Sce, (Dha, Cal)), Yli), Spo) (Wolfe 2004 ; see Supplementary Fig. 1 , Supplementary Material online). The four non-Sce species were chosen from more than a dozen completely sequenced yeast genomes because they are the most divergent from Sce. Therefore, many duplication events are expected to have occurred in these species after their separation from Sce. Note that the well-characterized genome duplication in Sce (Wolfe and Shields 1997) occurred after the separation of Sce from these species (Kellis, Birrin, and Lander 2004; Wolfe 2004; Supplementary Fig. 1 , Supplementary Material online). We did not examine more divergent organisms such as animals and plants Gene Importance and Gene Duplicability 145 because homologue identification becomes more difficult in distantly related species. As illustrated in figure 1 , a Sce singleton gene may have 0 (one-null), 1 (one-one), or .1 (one-multi) homologous genes in each of the other four yeasts. For example, we identified 613 one-null, 928 oneone, and 46 one-multi cases in Dha (table 1) .
We combined the one-one cases from the four species and extracted a nonredundant list of Sce genes. We further removed from this list those genes that belong to one-multi cases in any of the four species. The final list contained 925 Sce genes, referred to as group S (standing for singleton) (table 1). These genes are singletons in Sce. Moreover, a group S gene has an ortholog in at least one other yeast and has no more than one homolog in any of the yeast species examined. Similarly, we lumped the one-multi cases from the four species and extracted a nonredundant list of 135 Sce genes known as group M (standing for multiple) (table 1). These 135 genes are singletons in Sce, but each has at least two homologs in at least one of the other yeasts. Note that in both group S and group M, it is possible that a Sce gene does not have an ortholog in one, two, or three of the four other yeasts examined.
A one-multi case between Sce and another species is generated by either lineage-specific gene loss in Sce ( fig.  2A ) or lineage-specific gene duplication in a non-Sce species ( fig. 2B ). Because we are interested in gene duplication, not gene loss, it is necessary to distinguish between the two scenarios. Let us use Yli-specific gene duplication as an example. The divergence time between the duplicate genes Yli-A1 and Yli-A2 is shorter than the divergence time between Sce-A and Yli-A1 and that between Sce-A and Yli-A2 ( fig. 2B ). This relationship does not hold in Sce-specific gene losses ( Fig. 2A) . Ideally, divergence times among the genes can be measured approximately by d S among the gene sequences (Li 1997 ) because d S increases linearly with time and is only minimally affected by changes in selective pressure during evolution, which often occurs after gene duplication (Zhang 2003) . However, the gene sequences analyzed here are too divergent for d S to be accurately estimated. We thus used nonsynonymous nucleotide distance (d N ). Because accelerated protein evolution often follows gene duplication, the use of d N as a proxy for time will tend to overestimate the divergence time between Yli-A1 and Yli-A2 as well as that between Yli-A1 (or Yli-A2) and Sce-A. But the former overestimation is more severe than the latter overestimation because the former estimation is affected by both Yli-A1 and Yli-A2, while the latter is affected by only one of the two genes. This bias will lead to misclassifying lineage-specific gene duplication as gene loss. However, this error is acceptable because it only reduces the size of our sample of lineage-specific gene duplication and reduces statistical power. Following this strategy, we computed d N among Sce-A, Yli-A1, and Yli-A2 for each one-multi case and identified those cases in which d N between A1 and A2 is smallest among the three pairwise d N 's. These cases are most likely due to Ylispecific gene duplication. Only the two best hits are considered if Sce-A has .2 homologs in Yli. Following the same strategy, Dha-, Cal-, and Spo-specific gene duplication cases were identified from the one-multi cases. We then combined these cases and extracted a nonredundant list of 81 Sce genes from the 135 group M genes. These 81 genes are referred to as group D (standing for duplicate). Obviously, group D is a subset of group M and has all the properties of group M. In addition, group D genes experienced lineage-specific duplications (rater than lineagespecific gene losses) in at least one non-Sce yeast genome. The names of group S, M, and D genes are provided in Supplementary data set 1 (Supplementary Material online). 
Comparison Between Group S and Group D Genes
We compared the importance of group D and group S genes of Sce by using the fitness values of single-genedeletion Sce strains. Note that both groups D and S are singleton genes in Sce. Their difference is that group D genes duplicated in at least one other yeast examined here, whereas group S genes did not duplicate. The fitness values for 77 of the 81 group D genes and 865 of the 925 group S genes were available (table 2). We found that group D genes cause significantly smaller fitness reduction when deleted, compared to group S (P 5 0.0003; table 2). The mean fitness reduction when a group D gene is deleted is 0.24 6 0.04, compared to 0.38 6 0.01 when a group S gene is deleted. The percentage of essential genes is also significantly lower in group D genes (16.9) than in group S genes (28.4) (P 5 0.03; table 2). Furthermore, we classified genes into four categories of importance according to the fitness effect of gene deletion. Compared with group S, group D is more prevalent in the least important category but less prevalent in the other three categories ( fig. 3 ). All these results suggest that group D genes are less important than group S genes, supporting our hypothesis of a negative correlation between gene importance and gene duplicability.
To verify the above result in a larger sample, we increased the E value from 10 ÿ10 to 10 ÿ5 when we BlastPed Sce genes against other yeast genomes. In addition, we measured gene duplicability in six yeast genomes instead of four. The two additional genomes are Kwa and Ago. The phylogeny of Sce and these six yeast species is (((((Sce, Kwa), Ago), (Dha, Cal)), Yli), Spo) (Wolfe 2004 ; Supplementary Fig. 1 , Supplementary Material online). The new analysis resulted in 1,152 group S genes and 108 group D genes. We found that the percentage of essential genes is 24.9 in group S and 16.2 in group D (v 2 5 3.74, P 5 0.05). The mean fitness reduction when a group S gene is deleted is 0.34 6 0.01, compared to 0.22 6 0.04 for group D (P 5 0.0006, one-tailed MannWhitney U test). Thus, this enlarged sample showed a similar pattern that group D genes are less important than group S genes.
Another way to verify our result is to compare group S and group M. Although group M contains genes that experienced gene loss, all group M genes experienced duplication at some time in evolution ( fig. 2) , in contrast to group S genes, which did not duplicate. In other words, gene duplicability is higher for group M than group S. For both the enlarged data set and the original data set, we found group M to be less important than group S. For instance, in the enlarged data set, there are 1,152 group S genes and 200 group M genes. The percentage of essential genes is 24.9 in group S and 17.6 in group M (v 2 5 4.56, P 5 0.03). The mean fitness reduction when a group S gene is deleted is 0.34 6 0.01, compared to 0.23 6 0.03 for group M (P , 0.0001, one-tailed Mann-Whitney U test).
Why Do Less Important Genes Have Higher Duplicability?
Gene duplicability is determined by the product of the rate of mutations generating duplication and the probability that a duplicate is fixed and retained in the genome of a species. There are no documented factors causing less important genes to duplicate more at the mutational level. The phenomenon of frequent large-scale genetic alterations such as segmental duplication and chromosomal rearrangement in pericentromeric and subtelomeric regions (Eichler and Sankoff 2003) could lead to a high duplication mutation rate of less important genes if less important genes tend to reside in these regions. However, after the removal of group D genes that are located in these regions (see Materials and Methods), the percentage of essential genes (18.8) and the mean fitness reduction by gene deletion (0.27 6 0.05) are virtually unchanged (both P . 0.5), suggesting that the chromosomal location hypothesis cannot explain our finding. Furthermore, the observed high frequency of duplicates in pericentromeric and subtelomeric regions is probably not due to a high rate of duplication but a high rate of acceptance of duplicates originating from other genomic regions (Lander et al. 2001; Kellis et al. 2003) . FIG. 3.-Group D genes are intrinsically less important than group S genes. Group D genes duplicated in at least one other yeast, whereas group S did not. Both groups are singleton genes in Saccharomyces cerevisiae and therefore are not subject to among-duplicate functional compensations. The fitness effect of a gene measures the reduction in fitness when the gene is deleted. Weak effect: fitness of the single-gene-deletion strain . 0.99; moderate effect: 0.95 , fitness , 0.99; strong effect: 0 , fitness , 0.95; and lethal: fitness 5 0. The fitness effects of group D genes are significantly lower than those of group S genes (P 5 0.0003, Mann-Whitney U test).
We then explore several factors that may affect the fixation and retention rate of duplicate genes. As aforementioned, one possible explanation for the higher retention rate of less important genes is that genes involved in protein complexes tend to be more important (Jeong et al. 2001 ) but their duplicates tend to be selected against because they cause dosage imbalance (Papp, Pal, and Hurst 2003a) . We found that 17% of group D genes and 28% of group S genes belong to protein complexes (P 5 0.04; table 2). Thus, it is likely that the dosage imbalance effect has contributed to the observed negative correlation between gene importance and gene duplicability. We also examined the involvement of group S and D genes in large protein complexes because a previous study showed that genes involved in large complexes (.10 components) have the most severe reduction in gene duplicability (Yang, Lusk, and Li 2003) . About 17% of group D genes and 21% of group S genes belong to large protein complexes. This difference, although not significant (P 5 0.47, table 2), is in the expected direction.
The second possible explanation is that less important genes have more cis-regulatory motifs, which could facilitate subfunctionalization after gene duplication and increase the retention probability of duplicate genes (He and Zhang 2005a) . We found that the average number of cis-regulatory motifs is indeed higher in less important genes than in more important genes when the entire yeast genome is considered (fig. 4) . For group S and group D genes, we found that the latter have on average 16% more motifs than the former (P 5 0.05; table 2). Thus, our observation may also be due to cis-regulatory motifs.
In addition to the above two possible explanations, duplications of important genes may cause more genetic perturbations than duplications of less important genes and thus may be more likely to be selected against. For example, genes functioning in early developmental stages (presumably more important) have lower duplicability than those functioning in late developmental stages (less important) in worms (Castillo-Davis and Hartl 2002) . However, it is difficult to test whether group S genes cause more perturbations than group D genes when duplicated, as no such information is available in Sce.
Haploinsufficient genes have also been suggested to have an elevated duplicability in comparison to haplosufficient genes because doubling the gene dosage of haploinsufficient genes is more likely to be beneficial immediately after gene duplication (Kondrashov and Koonin 2004) . Haploinsufficient genes refer to those that show reduced fitness when one of the two alleles becomes nonfunctional, whereas haplosufficient genes show no such fitness reduction. We, however, do not see a significant difference in gene importance between haploinsufficient and haplosufficient genes in yeast. Specifically, we found that 79/146 5 54% of haploinsufficient genes and 653/1180 5 55% of haplosufficient genes are essential (v 2 5 0.08, P 5 0.78). The mean fitness reduction caused by deleting a haploinsufficient gene is 0.324, compared to 0.287 for haplosufficient genes (P 5 0.31, two-tailed Mann-Whitney U test). Thus, the influence of haploinsufficiency on gene duplicability cannot generate the correlation between gene importance and duplicability. Based on a different definition of haploinsufficiency, a recent study reported that haploinsufficient genes are more likely to be essential than haplosufficient genes (Deutschbauer et al. 2005) . This result would predict a positive correlation between gene importance and duplicability, opposite of our observation. Thus, the phenomenon of higher duplicability of less important genes does not appear to be explainable by haplosufficiency.
It is known that gene duplicability differs among gene functional categories (Conant and Wagner 2002; Papp, Pal, and Hurst 2003a; Marland et al. 2004; He and Zhang 2005a) . We examined nine largest functional categories and found that group D has a significant higher proportion of metabolic genes (P 5 0.04) and a significantly lower proportion of genes involved in biogenesis of cellular components (P 5 0.04), compared with group S (table 3). Interestingly, the observation of a higher percentage of metabolic genes in group D is in line with a recent study that showed high duplicability of metabolic genes (Marland et al. 2004 ). However, we found that among the 1,587 Sce singleton genes, metabolic genes and nonmetabolic genes are similar in gene importance. For example, the proportion of essential genes among metabolic genes (24.8%) is not significantly different from that among nonmetabolic genes (21.4%) (v 2 5 1.59, P 5 0.21). When deleted, the mean fitness reduction is 0.32 6 0.02 for metabolic genes and 0.30 6 0.01 for nonmetabolic genes (P 5 0.25, two-tailed Mann-Whitney U test). Thus, although metabolic genes have a higher duplicability, they do not cause the negative correlation between gene importance and duplicability. Compared with other singleton genes, those involved in biogenesis of cellular components have a greater fitness reduction when deleted (P 5 0.001, two-tailed Mann-Whitney U test), although the percentage of essential genes between the two groups is similar (v 2 5 1.73, P 5 0.19). This suggests that the differential duplicability among genes of different functional categories could potentially explain our observation.
A positive correlation between gene sequence conservation and gene duplicability was recently reported, although the underlying cause is unknown (Davis and Petrov 2004 ; see also Jordan, Wolf, and Koonin 2004) . This result was obtained from an analysis similar to ours in both approach and sample size. Specifically, the authors estimated gene conservation using d N between orthologous sequences of two insects and measured the duplicability of the corresponding genes in yeasts (Davis and Petrov 2004) . Using the data provided by Zhang and He (2005) , we obtained d N between orthologous genes of Sce and Sba, a species that is closely related to Sce. The average d N is 0.0753 6 0.0065 for group D and 0.0868 6 0.0018 for group S (P 5 0.01, one-tailed Mann-Whitney U test). Thus, surprisingly, our group D genes are both more conserved in sequence and less important in function, when compared to group S genes. This appears to be contradictory to the notion that genes conserved at the sequence level tend to be more important (Wall et al. 2005; Zhang and He 2005) . However, we note that the genome-wide correlation between sequence conservation and gene importance, although statistically significant, is weak (Zhang and He 2005) . This is particularly true for singleton genes (Yang, Gu, and Li 2003; Zhang and He 2005) , as is the case of group S and D genes.
Discussion
In this work, we first predicted from several considerations that less important genes have higher gene duplicability than more important genes and then tested it by comparing the importance of two groups of singleton genes in the yeast Sce, avoiding the confounding factor of potential functional compensations among paralogous genes. Group S genes did not duplicate in four other yeast species examined, whereas group D experienced duplication in at least one of these species. Consistent with our hypothesis, we found group D genes to be less important than group S genes. In our analysis, the importance of a Sce gene was measured by the amount of fitness reduction caused by the deletion of the gene. It may be argued that this kind of fitness data does not accurately reflect the importance of a gene because the fitness was evaluated in a limited number of laboratory conditions, which can be very different from natural conditions (Papp, Pal, and Hurst 2004) . We regard the fitness effect as a first approximation of gene importance. Previous analysis showed that this approximation, while crude for individual genes, is reasonably good at the genomic level because several predictions on gene importance have been confirmed when this approximation was used (Jeong et al. 2001; Gu et al. 2003; Zhang and He 2005) . Thus, when no other genome-wide indices of gene importance are available, this fitness effect data set remains the most appropriate for measuring gene importance. One caveat of our analyses is that we examined gene duplicability in non-Sce species, while gene importance was measured in Sce. However, as long as evolutionary changes in gene duplicability or gene importance are unbiased, our results are valid. The fact that we could detect a discrepancy in gene importance between groups S and D suggests that the duplicability and/or importance of a gene are relatively conserved among the five yeasts examined. Because gene duplicability or importance can potentially change during evolution (Zhang and He 2005) , making it more difficult to detect the discrepancy between groups S and D, we predict that the true difference between the two groups would be even more pronounced if we could measure gene duplicability and gene importance in the same organisms.
Does the correlation between gene duplicability and gene importance that we observed in yeasts also hold in other organisms? Finding a suitable species to address this question is difficult because the analysis requires the phenotypic information of genome-wide single-gene deletions as well as the genome sequence of at least one related species. One possibility is the nematode C. elegans, for which a genome-wide RNA interference (RNAi) experiment has been conducted and a related species (C. briggsae) has been completely sequenced. However, RNAi is often ineffective in blocking protein production, and a lack of RNAi phenotype may be due to this reason or high dispensability of the targeted gene. We thus limited our analysis to those genes with RNAi phenotypes. Applying the same approach as used for the yeasts, we identified 300 group S and 6 group D genes with RNAi phenotypes. Both group S and group D genes are singletons in C. elegans. The difference is that group S genes did not duplicate in C. briggsae, whereas group D genes did. We found that 57% of group S genes and 33% of group D genes cause various degrees of embryonic lethality in RNAi experiments (P 5 0.05, one-tailed Mann-Whitney U test). Furthermore, 18% of group S genes and none of group D genes cause various degrees of sterility in RNAi experiments (P 5 0.08, one-tailed Mann-Whitney U test). Thus, there is some indication that the observation of higher duplicability of less important genes is not limited to yeasts. Our analysis suggests that higher duplicability of less important genes in yeasts is related to at least three factors. First, genes involved in protein complexes tend to be more important (Jeong et al. 2001 ) and tend to have lower duplicability because of the dosage imbalance caused by duplication (Papp, Pal, and Hurst 2003a) . Second, less important genes have more cis-regulatory motifs, which facilitate subfunctionalization after gene duplication and increase the retention probability of duplicate genes (He and Zhang 2005a) . Third, genes from some functional categories are both less important and more duplicable than genes from other categories. However, our data set is not large enough for us to separate the contributions of these factors. In the future, it would be interesting to study whether these factors independently contribute to our observation. Because of the small sample size, we did not test the cause of our observation in nematodes.
Regardless of the underlying cause, the finding of higher duplicability of less important genes has significant implications. Gu et al. (2003) observed that deleting a duplicate gene tends to cause a smaller fitness reduction than deleting a singleton gene in Sce. A similar observation was made from the genome-wide RNAi experiments in C. elegans (Kamath et al. 2003; Conant and Wagner 2004) . Under the assumption that duplicate genes and singleton genes have similar intrinsic importance, Gu et al. (2003) concluded that their observation was due to functional compensation among duplicate genes, which, as they estimated, accounts for at least a quarter of no-phenotype gene deletions. Davis and Petrov (2004) argued that the extent of functional compensation could be even larger based on their observation of higher duplicability of more conserved genes and the presumption that conserved genes cause greater fitness reduction when deleted. However, as aforementioned, sequence conservation of a gene only weakly correlates with its fitness effect (Zhang and He 2005) and therefore has no direct relevance to functional compensation. Our present study directly measures gene importance and gene duplicability and suggests that the observation of Gu et al. (2003) was, at least in part, due to the simple fact that less important genes have a higher rate of successful duplication. We noticed that 16.9% of group D genes and 28.4% of group S genes are essential, with the ratio between the two percentages being k 5 0.595. In the entire Sce genome, the proportion of essential genes among duplicates varies from PE d 5 12.4% to 18.1%, as the E value cutoff used in BlastP searches changes from 10 ÿ20 to 10 ÿ1 (table 4 ). The proportion of essential genes among all singletons of Sce is PE s 5 22.2%, if we use the definition that singletons have only self-hits at the E value cutoff of 10 ÿ1 . Thus, PE d /PE s varies from 0.561 to 0.813 (table 4). It is interesting that PE d /PE s is either similar to or higher than k. Because k was derived from Sce singletons without the involvement of amongduplicate functional compensation, the above comparison between PE d /PE s and k suggests the possibility that functional compensation is not needed at all for explaining the dispensability discrepancy between duplicates and singletons in Sce. The average percentage of essential genes in groups S and D is 27.5%, while the corresponding number in group D is 16.9%. The average percentage of essential genes in the entire Sce genome is 19.2%. If our observations in groups S and D can be applied to the entire yeast genome, one would predict that a gene that will have successful duplication in Sce has a probability of (16.9%/27.5%) 3 19.2% 5 11.8% to be essential. This said, we caution that the proportion of essential genes in group D was estimated from a relatively small number of genes and may contain a large sampling error. Furthermore, the observation that the fitness effect of deleting a duplicate gene is positively correlated with the sequence dissimilarity of this gene to its closest paralog Conant and Wagner 2004) strongly suggests functional compensation among duplicates. On the other hand, rapid divergence in sequence, expression, and function of duplicates following duplication argues against functional compensation between old duplicates (Wagner 2005) . We conclude that it is necessary to reevaluate the prevalence of among-duplicate functional compensation and requantify the contribution of duplicate genes to genetic robustness.
Supplementary Material
Supplementary Fig. 1 and data set 1 are available at Molecular Biology and Evolution online (http://www. mbe.oxfordjournals.org/). NOTE.-Only genes with fitness-effect information are counted here. Essential genes are those that cause lethality when deleted. Singleton genes have only self-hits at E value 5 0.1.
